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SUMMARY
Infection of thymidine kinaseless mouse cells (CI-ID) by herpes simplex virus (type I) was found to result in a stimulation of thymidine uptake into mitochondrial DNA (mtDNA) during a pulse interval from I to 6 h post-infection (p.i.). Thymidine incorporation into mtDNA by organelles isolated at 6 h p.i. from infected cells exceeded that of mock-infected controls significantly. An identical mitochondrial reaction was observed when infected cell cultures were pretreated with 2/zg cytosine arabinoside (ara C)/ml culture medium from I to 6 h p.i. Administration of 2 5 #g cycloheximide/ml instead of ara C abolished the effect of virus infection on mtDNA synthesis. The implications of these observations are discussed with respect to regulation of mtDNA synthesis in eukaryotic cells.
Infection of confluent monolayers of permissive cultures with either Simian virus 4 ° (SV 40) (Levine, I97I) or polyoma virus (PV) (Vesco & Basilico, I97I) was shown to result in concomitant induction of nuclear as well as mtDNA synthesis. For PV this effect could be attributed to an early function of the virus (Vesco & Basilico, I97I) . In HeLa cells infected by herpes simplex virus (HSV), on the other hand, a dissociation of nuclear and mtDNA synthesis during the initial phase of the infectious cycle can be observed (Radsak & Freise, I972) . In this system host specific nuclear DNA synthesis shows the expected progressive decline p.i. MtDNA synthesis, however, is found to be stimulated during the early postinfectional interval and decreases below control values only relatively late p.i., probably as a result of the c.p.e, of the virus (Radsak & Freise, In the present study thymidine kinaseless (tk-) cell cultures, which incorporate exogenous thymidine exclusively into mtDNA (Robberson & Clayton, i972) , were used to examine in a suitable culture system whether virus-induced nucleotide pool alterations are involved in the stimulation of mtDNA synthesis in HSV-infected cells. Furthermore, selective inhibitors of nuclear-directed and virus DNA (Falke, I97o; Kato, Radsak & Koprowski, I972) , as well as protein synthesis i966; Storrie & Attardi, I972; Nass, I973) , were administered to infected cultures in order to determine (i) whether replication of virus DNA was necessary or (ii) whether expression of early virus functions was sufficient, as well as necessary, to promote enhancement of mtDNA synthesis.
Tk-mouse ceils (CI-ID) (Clayton & Teplitz, I972) were a generous gift of Dr Koprowski, The Wistar Institute, Philadelphia, U.S.A. Cultures were routinely propagated ~in Eagle's basal medium supplemented with 5 to IO% calf serum, 5 o/zg aureomycin and io/zg 5-bromodeoxyuridine]ml. Cells could not replicate in medium containing hypoxanthine (I5 #g/ml), aminopterin (2o/tg/ml) and thymidine (4/zg/ml). Routine examinations for mycoplasma were found to be negative. The type of herpes simplex virus (type I) used and the mode of infection have been described (Radsak & Freise, 1972) . The input multiplicity in all experiments was approx. Io infectious units/cell. Mock-infection was carried out with serumless medium already used for cultivation. Infectious virus was titrated in culture tubes of rabbit kidney cells, as reported previously (Kohlhage & Schieferstein, 1965) .
In order to analyse the effect of HSV on DNA synthesizing activity in nuclei and mitochondria simultaneously in vivo and in vitro confluent monolayers of approx. 2 x lO 8 CI-ID cells were subjected to infection with HSV from o to I h and subsequently exposed to a [14C]-thymidine pulse (o.I #Ci/ml culture medium, sp. act. 62 mCi/mmol) from ~ to 6 h p.i. Cells were fractionated 6 h p.i. and nuclei as well as mitochondria were isolated from the same cells (Radsak & Freise, I972) . Mock-and virus-infected cells, respectively, were homo- :~ Not determined because of contamination with labelled virus DNA.
genized by means of Dounce type glass homogenizers in HEMS medium 0o mM-N-2-hydroxyethyl-piperazine-N'-z-ethanesulphonic acid (HEPES) a mM-EDTA, 2io mM-mannitol, 7o raM-sucrose, pH 7"4). This procedure was followed by two sedimentations of the homogenate at 8oo g for Io min to roughly separate the supernatant fluid containing mitochondria from nuclei and unbroken cells. Nuclei were isolated from the pellet according to Hershey, Stieber & Mueller (I973 et al. (I973) . DNA from isolated mitochondria was extracted following essentially the methods described by Hirt (I967) and Radsak & Freise 0972), except that pronase was omitted from the lysis mixture. For separation of HSV-DNA from nuclear DNA isopycnic sedimentation in neutral caesium chloride (CsC1) was performed I963) . MtDNA was routinely characterized by isopycnic sedimentation in CsCl-ethidium bromide (Radloff, Bauer & Vinograd, I967) . Conditions of sedimentation are described in the Figure legends. DNA and protein were measured and radioactivity assayed as described before (Radsak et al. I97~) . Fig. I demonstrates radioactivity profiles of CsC1 gradients of nuclear DNA after the double labelling procedure. Whereas no [14C]-radioactivity was detected in DNA samples from nuclei of mock-infected tk-cultures (Fig. I b) , as expected, [14C]-1abelled DNA was present in infected nuclei indicating the induction of a thymidine kinase in HSV-infected tk-cells (Davis et al. I974) . This DNA banded exclusively in the position of virus DNA (Fig. I b) . On the other hand, [3HI-radioactivity as a result of in vitro labelling of mockand virus-infected nuclei with [3H]-thymidine triphosphate was recovered from a position typical for cellular DNA in the case of DNA from mock-infected nuclei (Fig. t a) , whereas the vast majority of [~H]-label of DNA from virus-infected nuclei was found in the denser position of virus DNA (Fig. 1 a) .
[ZH]-radioactivity of DNA from infected nuclei banding in the position of cellular DNA amounted to considerably lower values than that from mock-infected nuclei (Fig. I a) indicating the inhibition of cellular DNA synthesis in ' HSVinfected nuclei' by virus inhibitors (Kaplan & Ben Porat, ~966) .
Data on mtDNA synthesis which was examined in parallel in the same cultures are given in table I.
[14C]-incorporation into mtNDA of HSV-infected cultures which had not been subjected to inhibitor pre-treatment was not determined because contamination by [14C]-labelled virus DNA could not be completely excluded in several experiments in spite of deoxyribonuclease treatment of mitochondria. When [14C]-pre-labelled mitochondria of the same cells were subjected to in vitro labelling with [3H]-thymidine and their DNA analysed by isopycnic sedimentation in CSCl-ethidium bromide, total [~HJ-label recovered from gradients loaded with DNA from 'infected mitochondria' was found to exceed that from control mitochondria more than twofold. This observation demonstrated that DNA synthesis in isolated organelles from virus-infected cells proceeded at an elevated rate as compared to the controls under in vitro conditions.
In order to examine DNA synthesis in mitochondria of HSV-infected cells in the absence of virus DNA replication experiments were repeated according to the experimental schedule outlined above except that a treatment of mock-and virus-infected cultures from I to 6 h p.i. with 2/zg of the selective inhibitor of nuclear and virus DNA synthesis, cytosine arabinoside (ara C) (Falke, I97o; Kato et al. I972) was included. Fig. I d shows that the concentration of ara C used was sufficient to prevent virus DNA synthesis in vivo completely, since [14C]-labelled virus DNA could not be detected when DNA of' infected nuclei' was analysed by isopycnic sedimentation. Fig. t c, on the other hand, shows that drug pretreatment did not interfere with the characteristic [aH]-thymidine triphosphate incorporation into nuclear and virus DNA, respectively, after isolation of nuclei.
Ara C treatment of mock-and virus-infected cultures did not prevent [l~C]-labelling of mtDNA (Table I ). This drug is known to inhibit nuclear DNA synthesis significantly more than mtDNA synthesis (Kato et al. ~972 ; Table I ). Under these conditions [l~C]-uptake into mtDNA could, therefore, be determined and was found to exceed that of the control approx, fivefold (Table I) . Isolated mitochondria from the same infected cultures were found to exhibit an enhanced incorporation of [3H]-thymidine into their DNA in comparison to the control (Table I ). Characterization of [3H]-labelled mtDNA by isopycnic sedimentation in CsCl-ethidium bromide showed a radioactivity pattern (Fig. 2b ) typical for replicating mtDNA (Robberson & Clayton, I972) .
To substantiate the assumption that stimulation of mtDNA synthesis in infected cultures might be a result of an early function of HSV, since it occurs in the absence of virus DNA replication, the same experimental procedure as described above was repeated using 25/~g cycloheximide/ml culture medium instead of ara C.
Under these conditions isolated nuclei from infected cells exhibited the same incorporating activity as control nuclei. Whereas there was no labelling of virus DNA in vivo (Fig. If) , virus DNA synthesis seemed to proceed at a low rate in vitro (Fig. I e) . Furthermore, as shown in Table i , the enhancing effect of virus infection on thymidine incorporation into mtDNA was abolished in vivo, similarly as in vitro (Table I) . Isopycnic sedimentation of mtDNA from mock-and virus-infected cells in CsCl-ethidium bromide resulted in essentially identical radioactivity patterns (Fig. 2 c) .
The data reported here for tk-mouse cell cultures are in line with our previous observations on HeLa cells showing that HSV infection promotes a stimulation of thymidine uptake into mtDNA when compared to that of mock-infected controls (Radsak & Freise, I972) . Isolated mitochondria of virus-infected CI-ID cells even continue to incorporate at a significantly increased rate under in vitro conditions. This finding strongly suggests that virusinduced nucleotide pool alterations are not the basis for the mitochondrial in vivo reaction either (Radsak & Freise, 1973) .
Enhancement of mtDNA synthesis as a consequence of HSV infection is not directly comparable with the induction of mtDNA synthesis by SV 4o (Levine, I97I) or PV (Vesco & Basilico, I970 . Whereas the small DNA tumour viruses cause an induction of both nuclear and mtDNA synthesis in confluent monolayers, infection of cell cultures with HSV is followed by a rapid decrease in cell-specific nuclear DNA synthesis of infected cells I963; Radsak & Freise, I972 ) . On the other hand, stimulation of mtDNA synthesis appears to be the result of an early virus function in HSV-as well as PV-infected cell cultures (Vesco & Basilico, 197 I) since the mitochondrial response proceeds in the absence of virus DNA replication.
A tentative interpretation for these findings has to take into account that nuclear mitochondrial interaction is presumably similar in all mammalian tissue culture cells and that SV 4o-and PV-, as well as HSV-infection, results, nevertheless, in a comparable mitochondrial response. Comparison of the SV 4o-and PV-host cell systems with our experimental model reveals several differences in the experimental schedule. In particular, resuIts for SV 4o were obtained after long-term pulse periods covering approx. 7 o h p.i. (Levine, i97i ) . Considering this post-infectional interval, an induction of mitochondrial replication enzymes of nuclear-cytoplasmic origin (Upholt & Borst, I974) as a result of induced nuclear cytoplasmic macromolecular synthesis could be assumed, although an induction of mtDNA polymerase has not been shown so far in cells infected with the small DNA tumour viruses. With respect to the HSV-host cell system experiments were performed during a comparatively short interval in the early phase of the infectious cycle. Stimulation of mtDNA synthesis as a consequence of an induction of mtDNA polymerase can be excluded since nuclear-directed macromolecular synthesis is progressively inhibited. Mitochondrial reaction in the HSV-model might, therefore, reflect the elimination by virus-induced inhibitors of a so far hypothetical nuclear repressor system for mtDNA replication (Barath & Ktintzel, I972 ) . Prerequisite for this assumption would be the insensitivity of mtDNA replication to virus inhibitors (Radsak & Freise, 1972) . Assuming a relatively long half-life time for mtDNA polymerase and a comparatively short half-life time for the regulatory protein(s) this interpretation would be compatible with our observations on the mitochondrial response in HSV-infected tk-mouse cells. In context with the hypothetical 'nuclear repressor' for control of mtDNA replication (Barath & Ktintzel, 1972) we have no explanation so far for the finding, although, in line with the data of others using mammalian cells (Storrie & Attardi, ~972; Nass, ~973), we found that cycloheximide as an inhibitor of nuclear-cytoplasmic protein synthesis does not influence mtDNA synthesis in a way similar to that observed after HSV-infection (Table 0 At present, we tend to interpret this discrepancy as a result of unknown effects of the drug in higher eukaryotic systems preventing an enhancement of mtDNA synthesis as can be seen in yeast following exposure to cycloheximide (Grossman, Goldring & Marmur, I969) .
